Many studies have focused on the physicochemical properties of aerosol particles in 21 unusually severe haze episodes in North China instead of the more frequent and less 22 severe hazes. Consistent with this lack of attention, the morphology and mixing state 23 of organic matter (OM) particles in the frequent light and moderate (L&M) hazes in 24 winter in North China Plain (NCP) have not been examined, even though OM 25 dominates these fine particles. In the present work, morphology, mixing state, and 26 size of organic aerosols in the L&M hazes were systematically characterized using 27 transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy, 28 atomic force microscopy, and nanoscale secondary ion mass spectrometer, with the 29 comparisons among an urban site (Jinan, S1), a mountain site (Mt. Tai, S2), and a 30 background island site (Changdao, S3) in the same hazes. Based on their 31 morphologies, the OM particles were divided into six different types: spherical (type 32 1), near-spherical (type 2), irregular (type 3), domelike (type 4), dispersed-OM (type 33 5), and OM-coating (type 6). In the three sampling sites, type 1-3 of OM particles 34 were most abundant in the L&M hazes and most of them were internally mixed with 35 non-OM particles. The abundant near-spherical OM particles with higher sphericity 36
location to observe air pollutants near the planetary atmospheric layer over the NCP. 140 Aerosol particles collected at S2 were aged particles and represent regional transport 141 in the NCP (Li et al., 2011a) . Monitoring site (153 m a.s.l., 38.19 º N, 120.74 º E) , is in the Bohai Sea. During the 144 winter monsoon season, S3 is downwind of the Jing-jin-ji area (i.e., Beijing city, 145 Tianjin city, and Hebei province) and Shandong province (Feng et al., 2012) . 146 Therefore, S3 serves as a polluted background site from the transport of continental 147 air. Therefore, aerosol particles collected at the three sampling sites represent the 148 different pollutant characteristics of polluted urban air, upper air layer, and 149 background island air in the NCP. show grey haze layer during the light and moderate regional hazes over the NCP. 154 155 PM 2.5 was collected on 90 mm quartz filters for 11.5 h (daytime: 7:30-19:00 and 156 nighttime: 19:30-7:00 (next day)) using three KB-120 samplers at a flow rate of 100 7 L/min. The quartz filters were stored in a refrigerator for OC, EC, and water soluble 158 ion analysis. In the study, OC and EC concentrations of 70 quartz filters were 159 analyzed by an OC/EC analyzer (Sunset Lab) and water-soluble ions (i.e., K + , Na + , 160 Ca 2+ , Mg 2+ , NH 4 + , F -, SO 4 2-, NO 3 -, and Cl -) by an ion chromatography system (Dionex 161 ICs-90). Three single-stage cascade impactors with a 0.5-mm diameter jet nozzle at a 162 flow rate of 1.0 L/min were used to collect particles onto copper TEM grids coated 163 with carbon film (carbon type-B, 300-mesh copper, Tianld Co., China). Individual 164 particle samples were collected at the same time in everyday at three sites. The 165 sampling duration were different based on the different levels of air quality (Table S2 ).
166
The collection efficiency of the impactor is 50% for particles with an aerodynamic 167 diameter of 0.25 μm and with a density of 2 g cm -3 (Li et al., 2011a) . After sample 168 collection, the Cu grids were placed in a sealed, dry and clean environment until the 169 TEM analysis. Based on their distribution of samples, 11 aerosol samples (Table S2) 170 at each sampling site were selected and analyzed by the TEM. particles. An energy-dispersive X-ray spectrometer ( (Chi et al., 2015; Ghosal et al., 2014; Li et al., 2016a) . 
203
The definition and relationship of equivalent circle diameter (ECD, x) and 204 equivalent volume diameter (EVD, y) are shown in Figure S3 in supplementary 205 material (EVD=0.8334ECD (S1), EVD=0.7286ECD (S2), and EVD=0.6601ECD 206 (S3)). Therefore, the ECD (x) of individual aerosol particles measured from the iTEM 207 software can be further converted into EVD (y) based on these relationships. Aerosol particles were collected in three regional L&M hazes during 13-23 images on December 14 and 19, 2014 clearly display a regional haze layer covering 214 the three sampling sites in the NCP (Fig. 1 sampling sites was lower than 60% during the sampling period ( Fig. S5 ).
219
The average concentrations of OC, EC, OC/EC, water-soluble ions and their mass 220 proportions in PM 2.5 were much higher on haze days than on clear days at three 221 sampling sites (Table S1 ). OC on haze days was more than 1.7 times higher than that 222 on clear days at three sites. We found that the fraction of OC to PM 2.5 remained fairly 223 stable regardless of L&M haze and clear days. OM concentration was estimated at 224 20-33 μg m -3 and OM/PM 2.5 ratio was at the range of 23-34% during haze days in the 225 NCP (Table S1 ). Because the high-resolution TEM images of individual particles can clearly 252 display particle interior mixing structures, it allows us to identify OM particles based 253 11 on their different shapes in OM-containing particles (Fig. S6 ). Figure 2 shows that the 254 proportions of type 1-3 in OM particles was 73%, following type 4 at 5%, type 5 at 255 13%, and type 6 at 14% for the three sites as a whole. Further, we measured the 256 projected area, the perimeter, the maximum projected length, and the maximum 257 projected width of 967 selected OM particles. From these data, the sphericity (Sph) and sulfate particles ( Fig. 2 and Fig. S6 ). Based on their morphological mixing state, 294 we discriminated four OM internally mixed particles: OM-soot ( Fig. 5a and Fig. S8 ),
295
OM-mineral ( Fig. 5b) , OM-fly ash/metal (Fig. 5c ), and OM-sulfate particles (Fig.   296 5d-e). Our results show that 83% of type 1-4 OM particles were attached to soot, 297 14 mineral, sulfate, and metal particles, only 17% of type 1-4 OM particles were 298 externally mixed particles, and all the type 5-6 OM were internally mixed with sulfate 299 particles (Fig. 2) . In addition, the major OM internally mixed particles include 54% 300 OM-sulfate particles and 38% OM-soot particles, followed by 5% OM-mineral 301 particles and 3% OM-fly ash/metal particles (Fig. 2) . Based on these analyses, the 302 flow chart of classification of individual aerosol particles was summarized in Figure   303 2.
304 Figure 6 shows number fractions of OM internally mixed particles in different 305 size bins from 0.04 to 4.5 μm at the three sampling sites. OM-soot particles 306 commonly occurred at S1 but they were mixed with certain amounts of sulfates at S2 307 and S3 during the sampling period ( Fig. S8 ). OM-soot containing particles dominated 308 in the finer size range (< 300 nm) at the three sampling sites (Fig. 6 ). In addition, 19%
309
of OM-sulfate particles were internally mixed with inclusions (i.e., fly ash and metal) 310 at all the three sampling sites (Fig. 2) . Figure 7a shows size distributions of OM-containing particles at the three 325 sampling sites. Aerosol particles collected at S2 and S3 display a similar peak at ~400 326 nm, much smaller than the peak at 600 nm at the S1 site ( Fig. 7a ). This result 327 indicates that sizes of locally emitted OM-containing particles are much larger than 328 the long-range transported OM-containing particles. We further obtain size 329 distributions of type 1-3 OM particles at the three sampling sites during one haze 330 episode. Interestingly, type 1-3 OM particles displayed similar peaks around 350 nm 331 at all three sampling sites (Fig. 7b ). This result suggests that the type 1-3 OM sources 332 were similar in the same haze layer over the NCP. OM-containing particles in wintertime L&M hazes. We found that the type 1-3 OM 344 (Fig. 4a-c) particles were most abundant in the hazes and that most of them were 345 internally mixed with non-OM particles (Fig. 2) . This result is consistent with one The complicated mixing structures of individual particles can be used to evaluate 400 particle ageing mechanisms (Li et al., 2016b) . It is well known that S2 and S3 as the 401 polluted background sites received aged particles after long-range transport and that 402 the urban site of S1 received more fresh particles. Indeed, OM-soot particles at S2 and 403 S3 sites were internally mixed with sulfates but not at S1 (Fig. 6 and Fig. S8 ). To 404 evaluate particle ageing processes, we measured OM coating thickness in type 6 405 OM-coating particles (e.g., Fig. 5e ) because coating thickness on secondary particles 406 can be used to infer particle ageing during transport (Moffet et al., 2010; Moffet et al., 407 2013). In this study, OM coating thickness increased with particle size (i.e., 249.4 nm 408 at S1, 274.5 nm at S2, and 305.6 nm at S3) and that their average values at the three 409 sampling sites were ordered as S3 > S2 > S1 (Fig. 9) . The results suggest that particles 410 with larger sizes underwent more ageing than the fine particles and that the particles 411 at S3 underwent the most ageing. However, number fractions of type 6 OM particles 412 were small at three sampling sites (14.8% at S2 and 12% at S3, and 2.9% at S1) ( Fig.   413 9). This phenomenon may be caused by the weak atmospheric reactions for SOA 414 formation in the whole haze layer. 
432
Also, the L&M hazes were dry with RH < 60% (Fig. S5) , which prohibits 433 heterogeneous reactions between particles and gases (Zheng et al., 2015) . These 434 reasons can explain why we found higher number and mass fractions of abundant type 435 1-3 primary OM particles and lower type 6 secondary OM particles in the hazes. This 436 result is consistent with a previous study using AMS (Sun et al., 2013) , which showed 437 69% primary OM particles and only 31% SOA in winter L&M hazes.
438
Our microscopic observations of individual particles provide direct evidence on 439 the regional L&M haze formation in NCP, which mainly caused by the residential 440 coal stoves used for heating and cooking in winter. The result is consistent with the 441 large scale modeling works and the field campaign in NCP from the recent studies 442 (Liu et al., 2016b; Liu et al., 2016a; Ru et al., 2015) . Therefore, we can conclude that 443 these studies prove that these residential coal stoves in rural areas and in the urban has made much recent progress in controlling emissions from heavy industries and 448 coal-fired power plants. 449 Our study indicated that measures should be taken to control the wide range of 450 residential coal stoves in the NCP in wintertime. The type 1-3 OM particles from 451 residential stoves mainly consist of PAHs (Zhang et al., 2008) . In this study, we found 452 that type 1-3 OM particles not only occurred in 68% OM-containing aerosol particles 453 but also were concentrated on fine particles (< 1 μm) ( Fig. 7a ). Therefore, 
